Global warming and changes in precipitation patterns can critically influence the structure and productivity of terrestrial ecosystems. However, the underlying mechanisms are not fully understood. We conducted two independent but complementary experiments (one with warming and precipitation manipulation (+ or -30%) and another with selective plant removal) in a semiarid grassland on the Loess Plateau, northwestern China, to assess how warming and altered precipitation affect plant community. Our results showed that warming and altered precipitation affected community aboveground net primary productivity (ANPP) through impacting soil moisture. Results of the removal experiment showed competitive relationships among dominant grasses, the dominant subshrub and nondominant species, which played a more important role than soil moisture in the response of plant community to warming and altered precipitation. Precipitation addition intensified the competition but primarily benefited the dominant subshrub. Warming and precipitation reduction enhanced water stresses but increased ANPP of the dominant subshrub and grasses, indicating that plant tolerance to drought critically meditated the community responses. These findings suggest that specie competitivity for water resources as well as tolerance to environmental stresses may dominate the responses of plant communities on the Loess Plateaus to future climate change factors.
2006). Therefore, warming and changes in precipitation may interactively affect plant communities and their productivity.
Warming can affect plant growth both positively and negatively.
On one hand, warming may enhance plant growth through altering plant physiologies and nutrient availability. Warming can directly change plant photosynthesis (Klanderud & Totland, 2005) and thus alter plant growth rate (Walther & Burga, 2005) . In a warmer climate, plants germinate earlier in spring and senescence later in autumn, increasing the length of the growing season (Sullivan & Welker, 2005; Xu, Hu, & Zhang, 2012) . Also, warming can stimulate soil nitrogen mineralization to provide more nutrients for plants to grow (Melillo et al., 2002) . On the other hand, warming may suppress plant growth by aggravating water stress, particularly in arid and semiarid regions via increasing ecosystem evapotranspiration (Bai, Han, Wu, Chen, & Li, 2004) and decreasing soil water availability (Niu et al., 2008; Wan, Xia, Liu, & Niu, 2009 ). In semiarid regions, water is the most important factor affecting plant growth (Haase, Pugnaire, Clark, & Incoll, 1999; Raich et al., 1991) . While increased precipitation can alleviate drought and improve plant photosynthesis and growth (Bai et al., 2004; FarfanVignolo & Asard, 2012) , decreased precipitation will inhibit plant growth in this region (Ramírez et al., 2014; Xu, Zhou, & Shimizu, 2009 ).
Though researchers have reported how warming and altered precipitation affect plant growth, these mechanisms do not always work. For example, in a semiarid grassland, Mueller et al. (2016) reported that warming initially decreased plant biomass but changed neutral later.
Coincidentally, another experiment conducted in Mediterranean shrubland found that drought did not decrease plant biomass even in dry season (Sardans, Peñuelas, Prieto, & Estiarte, 2008) .
One possible mechanism that explains unusual warming and altered precipitation effects may be that plant-plant competition buffers or obscures the effects of climate change on plant growth (Anke, Juergen, Jegor, & Carl, 2009; Ariza & Tielbörger, 2011; Liancourt et al., 2013) . In a 5-year field experiment in a northern California grassland, Suttle, Thomsen, and Power (2007) reported that the production of forbs increased in the first year under extended spring rainfall, but declined in the last two experimental years due to the positive responses of grass competitors to extended spring rainfall from the second year. In another field study in the southeastern Tibetan Plateau, Wang et al. (2016) found that warming increased tree density and growth over the short-term, but this positive effect diminished because of spatial segregation resulting from competition-induced thinning over time. Competitive status of plant species may determine their responses to climate change. For example, Tullus et al. (2017) observed that trees with high competitivity could benefit from elevated humidity and exhibited larger stem volume, but those with low competitivity had no responses to elevated humidity.
Plant tolerance to environmental stress under warming and altered precipitation could be another trait to influence plant growth.
Plants with low tolerance to environmental stresses will be impacted first, and then, other plants may benefit from this variation, leading to some unpredictable responses to environmental changes. For example, heat stress induced by climate warming may reduce crop yields (Ortiz et al., 2008) . However, heat-tolerant variety may maintain or even increase yields under warming due to high photosynthetic rates (Bita & Gerats, 2013) . Some plant species or varieties can enhance drought tolerance via changing their phenotypes to respond to drought differently (Olmo, Lopez-Iglesias, & Villar, 2014) .
Thus, plant tolerance to environmental stresses should be considered together with plant-plant competition when predicting community dynamics under climate change scenarios. To our knowledge, few have examined these knowledge gaps from the perspectives of plant competition and tolerance to environmental stresses.
We conducted a warming and precipitation manipulation experiment in a semiarid grassland on the Loess Plateau to investigate the F I G U R E 1 A partial overview of field experimental plots potential mechanisms that regulate plant community responses to climate change factors. A supplementary removal experiment was also carried out to characterize plant interactions in an attempt to understand how plant interactions may influence the effects of warming and altered precipitation on the plant community. We hypothesize that resource availability (namely water in this study) determines the primary mechanism(s) that controls community responses to climate change factors: Plant-plant competition dominates when resources are abundant, but plant tolerance to environmental stresses takes over when resources are limited.
| MATERIAL S AND ME THODS

| The study site and vegetation
The study site was located at Yunwushan Nature Reserve (106°21′-106°27′E, 36°10′-36°17′N, altitude 1,800-2,000 m, 6,700 hm 2 ) on the Loess Plateau, Guyuan, Ningxia Hui Autonomous Region, China.
The average annual temperature in this area is 7.01°C, with the highest mean monthly temperature of 22-25°C (July) and the lowest mean monthly temperature of −14°C (January). Mean annual precipitation is 425 mm, 60%-75% of which happens in July-September.
Mean annual potential evaporation in this area is 1,330-1,640 mm.
In the reserve, a dry steppe landscape established after more than thirty years' enclosure and exclusion from grazing. This area is the largest region of typical steppe on the Loess Plateau in China, and the vegetation is representative of the native plant community. The vegetation is dominated by two perennial grasses and a subshrub.
The dominant species are Stipa grandis P. Smirn., Stipa przewalskyi Roshev., and Artemisia sacrorum Ledeb., which consist of more than 70% of the total aboveground biomass (personal observation).
Artemisia sacrorum Ledeb. often exhibits cluster growth. The soil is of the mountain gray-cinnamon type classified as a Calci-Orthic
Aridisol, equivalent to a Haplic Calcisol in the FAO/UNESCO system (Qiu et al., 2015; Wei et al., 2016) .
| Experimental design and treatments
A multifactor manipulation experiment was initiated in June 2015 on a mountaintop, where the topography is largely flat (Figure 1 ).
There were three treatments in our experiment, including nitrogen addition (two levels: control and add 12 g N m −2 year −1 ), warming (two levels: ambient temperature and warming) and altered precipitation (three levels: precipitation addition (+30%), ambient precipitation, and precipitation reduction (−30%). In total, we had 12 treatments (2 nitrogen levels × 2 warming levels × 3 precipitation levels). Each treatment was replicated for 4 times, that is, 4
blocks, leading to a total of 48 plots. 
| Plant sampling
To exclude the effects of stand litter on plant growth of next year, we mowed all the plants of each plot at 2 cm above soil surface in October 2015 when the branches and leaves had senesced. In
August 2016, when plant community achieved peak biomass, we sampled aboveground plant biomass to estimate aboveground net primary productivity (ANPP). Plants in two 50 × 50 cm quadrats F I G U R E 2 Effects of warming (W), precipitation reduction (PR), precipitation increase (PI) on soil temperature and moisture (10 cm under soil surface) across two years (2015) (2016) . The capital "CK" represents ambient along a diagonal of each plot were cut from the soil surface. Plant samples in each quadrat were sorted by species, oven-dried at 65°C for 48 hr, and weighed. The number of plant species occurred in the quadrats represented community species richness.
In August 2017, we harvested aboveground plants biomass in a 50 × 50 cm quadrat on each plot of the removal experiment, dried, and weight. Finally, all data were converted into dry mass per square meter. We classified all plant species into nondominant species but the three dominant species. Richness and ANPP of nondominant species were the number of species and the sum of species ANPP in the collection, respectively. For the list of species, see Tables A1 and A2 .
| Soil characteristics
Soil temperature (10 cm depth) and soil moisture were meas- 
| Data analysis
Data were divided into three groups for analyses: dominant grasses (DG), the dominant subshrub (DS), and nondominant species (ND).
Two-way ANOVAs with a block design were used to examine the main and interactive effects of warming and altered precipitation on soil temperature, soil moisture, ANPP, and species richness of community and groups. Because there were only one dominant subshrub and two dominant grass species and they almost occurred in all the plots, we did not test the effects of treatments on rich- ( Figure 2a ; Table 1 ). In contrast, both warming and altered precipitation significantly impacted soil moisture ( Figure 2b ; Table 1 ).
Warming decreased soil moisture by 17.09% in the experimental period ( Figure 2b ; Table 1 ). While precipitation addition increased soil moisture by 17.69%, precipitation reduction decreased soil moisture by 17.69% (Figure 2b ; Table 1 ). There was no interaction effect of warming and altered precipitation on soil moisture (Table 1) .
| Plant species richness and plant ANPP
Warming marginally decreased species richness of the communities and ND species (Figure 3 ; Tables 2 and 3 ). Altered precipitation had no effects on species richness of either the communities or the ND species ( Figure 3 ; Tables 2 and 3) .
Warming had no effects on community ANPP ( Figure 4a ; Table 2 ) and ANPP of DG ( Figure 5a ; Table 2 ) and DS ( Figure 5b ; Table 2 ), but significantly decreased ANPP of ND species ( Figure 4c ; Table 2 ). In contrast, precipitation addition significantly increased community ANPP (Figure 4a ; not change community ANPP (Figure 4a ; Table 3 ). Altered precipitation, both added and reduced precipitation, increased dominant species ANPP (Figure 4b ; Table 3 ). Precipitation addition increased DS ANPP, and precipitation reduction had no effect on DS ANPP ( 
| Structure equation model
Results of structure equation model showed that warming and altered precipitation impacted plants by modifying soil moisture but not temperature ( Figure 6 ). Soil moisture was positively related to precipitation and negatively related to warming ( Figure 6 ). There was a positive relationship between soil moisture and plant species richness and ANPP ( Figure 6 ). While soil temperature was not significantly related to plant ANPP, it was positively related to plant species richness ( Figure 6 ). 
F I G U R E 3 Effects of warming (W), precipitation reduction (PR), precipitation increase (PI) on community level species richness (a) and the number of nondominant species (b) in 2016
TA B L E 2 Two-way ANOVA of the effects of warming (W) and altered precipitation (P) and their interactions on community (T), dominant species (D), nondominant species (ND), dominant grasses (DG), and the dominant subshrub (DS) aboveground net primary productivity (ANPP) and species richness
Note:
The numbers of dominant species, dominant grasses, and the dominant subshrub were not analyzed because they were really small (three species in total) and changed little. The effects of block were also considered in data analysis. F-ratios and p values were shown. 
TA B L E 3 Multiple comparisons of community (T), dominant species (D), nondominant species (ND), dominant grasses (DG), and the dominant subshrub (DS) ANPP and species richness used
| Removal experiment
Removal of the dominant subshrub (DS) did not significantly affect ANPP of dominant grasses (DG) plus nondominant species (ND). In contrast, removal of DG and ND significantly increased DS ANPP by 319.05% (Figure 7a ; Table 4 ). Removal of nondominant species significantly increased DG and DS ANPP by 195.01% and 140.45%, respectively ( Figure 7b ; Table 4 ).
| D ISCUSS I ON
| Aboveground net primary productivity responds to warming and altered precipitation
Ecosystem productivity is considered closely related to species richness (Willig, 2011) . However, in our study, warming and altered precipitation did not affect plant ANPP via species richness because of nonsignificant effects of warming and altered precipitation on species richness (Figure 3a ) and the poor relationship between species richness and ANPP ( Figure 6 ).
Warming could impact plant growth directly via changing photosynthesis (Albert et al., 2011; Tang et al., 2007) effect, precipitation reduction also decreased soil moisture but did not change community ANPP, which was again different from results from most previous studies (Hoover, Knapp, & Smith, 2014; Reichmann & Peters, 2013) . With the knowledge of precipitation is the most crucial factor to affect plant growth in arid regions (Knapp et al., 2008; Zeppel, Wilks, & Lewis, 2014) , the results suggest that our warming and precipitation reduction treatments provided moderate drought (Fraser et al., 2013) and did not threaten plant survival at the community level. Another possibility is that with 30 years of recovery, the plant community at our site had developed large root systems (Bai, Su, & Cheng, 2013) to resist moderate drought.
Contrasting with warming and precipitation reduction, precipitation addition enhanced soil water availability to improve root activity and leaf photosynthesis (Fay, Kaufman, Nippert, Carlisle, & Harper, 2008) and then increase plant ANPP.
Though numerous studies reported the interactive effects of warming and altered precipitation on plant biomass (Hoeppner & Dukes, 2012; Luo, Gerten, & Maire, 2008) , our results showed warming negatively affected aboveground biomass at the community level by decreasing available soil moisture but had no effect when soil moisture was adequate. In our study, however, soil moisture was deficient all the time even in water addition plots.
Therefore, plant growth was closely related to soil water rather than temperature in our water-limited ecosystem. Both warming and precipitation alteration affected plants by altering soil water availability to plants and did not interactively impact plant biomass and species richness.
| Competition and tolerance to drought modulate the responses of plant growth to warming and altered precipitation
In semiarid grasslands on Loess Plateau, it was reported that changing soil water availability could significantly impact plant ANPP (Zhao, Wu, Gao, Tian, & Li, 2014) . Thus, precipitation addition can improve soil water availability and increase plant ANPP. What was interesting is that precipitation addition only increased the ANPP of the dominant subshrub but not dominant grasses or nondominant species (Figure 4a-c) . Robertson, Zak, and Tissue (2010) argued that large magnitude of precipitation addition was needed to affect all plant groups. However, the magnitude of precipitation addition could not be the reason in this study because precipitation addition had no trend to increase both ANPP of DG ( Figure 5a ; Table 3 ) and ND ( Figure 4c ; Table 3 ). Different species often interact each other in a community, which can modify the effects of climate changes on plant communities (Suttle et al., 2007; Tullus et al., 2017) . Thus, varied responses of plant groups to precipitation addition may be due to species interactions (Suttle et al., 2007) . Our removal experiment showed that the dominant subshrub competed resources with dominant grasses and nondominant species (Figure 7a ; Table 4 ). This competition relationship modified the effect of precipitation addition on plant community. The competitive capacity of the dominant subshrub is stronger than dominant grasses and nondominant species because of clonal growth pattern and allelopathy (Nilsson, 1994; Wang, Xie, & Yang, 2011) . As a result, the dominant subshrub benefited the most in precipitation addition plots and grown more biomass.
Besides competition, tolerance to stress may also decide plant survival in extreme environment. Ambient soil moisture in our site was about 7% v/v (Figure 1b) , which was lower than that of many other semiarid grasslands (higher than 9% v/v in average) (Kurc & Small, 2007; Yang et al., 2011) , indicated that drought stress was more severe in our study site. The result of ANPP of dominant grasses plus nondominant species did not increased when removed the dominant subshrub (Figure 7a ) also showed the severe drought stress. Warming and precipitation reduction decreased soil moisture by 17.69% and 17.69% (Figure 2b) , respectively, which aggravated the water limitation of plant community. In this condition, drought stress may threaten plant growth.
In a previous study, Zavaleta, Shaw, Chiariello, Mooney, and Field (2003) 
| CON CLUS IONS
Plant interactions may critically affect the responses of communities to climate change. We conducted two field experiments to assess the effect of plant interactions on community responses to warming and altered precipitation. Our results indicate that interspecific competition modulated the effects of warming and altered precipitation on plant community when resources were less limited and plant tolerance to drought took over when resources were more limited. These results suggest that responses to climate changes at the ecosystem or community level may be less variable than those at the plant species level when different species or functional groups compete for the same limited resources. However, such mechanism may be untenable in plant communities in which species are mutually beneficial.
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